Circuit QED using a semiconductor double quantum dot 
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Vacuum Rabi splitting is observed in a coupled qubit-resonator system consisting of a GaAs double 
quantum dot and a coplanar waveguide resonator. Derived values of the qubit-resonator coupling 
strength g and the decoherence rate F indicate strong coupling (g/T ~ 2), which assures distinct 
vacuum Rabi oscillation in the system. The amplitude of decoherence is reasonably interpreted in 
terms of the coupling of electrons to piezoelectric acoustic phonons in GaAs. 
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Hybridizing different quantum systems has attracted 
considerable attention for quantum information process- 
ing and quantum communication, because such systems 
can utilize the merits of different quantum devices as ma- 
nipulation capability or long coherence time. For this 
sake coherent coupling between different qubits is essen- 
tial. Superconducting qubits [TH3] have been strongly 
coupled to on-chip superconducting resonators forming 
quantum buses (circuit QED). Recent theoretical works 
[4HH] suggest that semiconductor quantum dots (QDs) 
are important and attractive building blocks for circuit 
QED, because QDs have high scalability, controllabil- 
ity and accessibility to the spin degree of freedom. The 
qubit-resonator coupling strength g and the decoherence 
rate T of the system are important two parameters in 
such systems: In a strong coupling regime (g/T > 1), 
a qubit and a photon are no longer independent physi- 
cal entities but are coupled into a dressed-atom, which 
leads to fascinating effects like single atom lasing [9 . Re- 
cently, dipole coupling between a double quantum dot 
(DQD) and a superconducting resonator is studied [TO] . 
Real implementation of DQD-based circuit QED, how- 
ever, is an experimental challenge because of a relatively 
high decoherence rate. Here we report the observation of 
vacuum Rabi splitting, an indicative of strong coupling 
between a GaAs/AlGaAs DQD and a superconducting 
coplanar waveguide (CPW) resonator. We also report 
that the decoherence of the system is dominated by in- 
trinsic piezoelectric effect. This work gives a guideline to 
integrate semiconductor qubits into quantum buses and 
paves the way towards construction of solid-state hybrid 
devices for quantum information processing and quantum 
communication. 

The device is shown in Figs, [I] (a) - (c) along with 
its equivalent circuit in Fig. [I] (d). A DQD (Fig. [I] 
(c)) is formed in a GaAs/AlGaAs heterostructure crystal 
containing a two dimensional electron system (2DES) at 
a 90nm depth from the surface, where the electron mo- 
bility and the sheet electron density are 90m 2 /Vs and 
2.3 x 10 15 m -2 , respectively, at 4.2K. A superconducting 
CPW resonator (Fig. [I] (a)) is prepared by depositing 
a 200 nm thick Aluminum layer on top of the crystal 
surface where the 2DES is removed with 40nm-deep wet 
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FIG. 1. (color online), (a) Optical microscope image of the 
coupled DQD-CPW resonator system. The red square marks 
the location of the DQD, where (b) is the blowup of the re- 
gion, (c) is a scanning electron microscope image of the DQD 
defined by biasing metal (NiCr/Au) gates, GL, GC and GR. 
The right QD is coupled to the resonator with gate electrode 
Gr via capacitive coupling C r ~ 50 aF. (d) Equivalent cir- 
cuit of the device. The two QDs are supposed to be equal 
except coupling to Gr. The resonator is weakly coupled to 
the transmission line through C c — 3 fF. 

etching. The resonance frequency and the decay rate are 
cjo/2tt = 8.3267 GHz and k/2k = 8.0 MHz, respectively, 
at base temperature ~ 30 mK (in the condition when the 
DQD is not formed). The resonator is capacitively cou- 
pled to the DQD (C r see Figs. [l](c), (d)). Conductance 
through the DQD is studied via standard lock-in tech- 
nique. The microwave transmitted through the resonator 
is amplified with a cryogenic amplifier and studied with 
a vector network analyzer [11 . All the measurements are 
made in a dilution refrigerator with a base temperature 
below 40 mK. Thermal excitation of microwave photons 
in the resonator is completely neglected at 40 mK, with 
an estimated photon number being less than 5 x 10 -5 . 

While the conductance through the DQD is finite 
only in limited regions of charge triple points (Fig. 2 
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FIG. 2. (color online). Charge state of the DQD measured through (a) conductance, (b) transmission amplitude and (c) phase 
as a function of Vl and Vr. Vc is set to -215 mV. Transmission amplitude and phase are measured by applying microwave 
signal at a fixed resonance frequency of 8.3267 GHz. 



(a)) [12 j, transmission amplitude and phase of the res- 
onator exhibit structures along side edges of the hon- 
eycombs (Figs. 2 (b), (c)), where the DQD conduc- 
tance is vanishing. Prior to the experiment, photon 
assisted tunneling (PAT) has been studied [13] . In 
the transmission study throughout the present experi- 
ments, the microwave power is strongly suppressed to 
avoid PAT. Dipole coupling between the resonator and 
the DQD is indicated by the honeycomb structures visi- 
ble in the two dimensional plots of the resonator trans- 
mission amplitude (Fig. 2 (b)) and phase (Fig. 2 
(c)). The DQD is simply modeled by one capacitance 
Cdqd and resonance frequency of the system is given by 
(27r v / L(C + 2C C + C D qd)) -1 . Cdqd changes with gate 
voltages Vr and Vl because connection between the re- 
server and the QD or between the QDs is turned on or 
off by Coulomb blockade. In our device, because only 
the right QD is connected to the resonator, large fre- 
quency shift occurs along the vertical lines of the hon- 
eycombs, where the number of electrons in the right QD 
changes. This asymmetry assures dipole coupling be- 
tween the DQD and the resonator. 

Turning now to the experimental evidence on strong 
coupling between the DQD and the resonator. In the 
vicinity of the charge triple points, interdot tunneling 
is allowed and coupling between the DQD and the res- 
onator is expected. Conductance through the DQD is 
discernible only near the charge triple points (Fig. [3] 
(a)). Unlike the conductance, remarkably sharp dips in 
transmission amplitude show up along two parallel lines 
(Fig. |(b)). 

Next, we measured transmission spectra of the res- 
onator along the red dashed line in Fig. 3 (b). Measured 
spectra (Fig. [4] (a)) show two sharp tilted dip lines. The 
peak frequency of the spectra exhibits distinct anticross- 
ings (Fig. |4](b)). The resonance linewidth increases sig- 
nificantly in the vicinity of anticrossing points (Fig. [4] 
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FIG. 3. (color online), (a) The DQD conductance and (b) 
the resonator transmission amplitude at 8.3267 GHz in the 
vicinity of charge triple points, with Vc — -200 mV. 

(c) ). These remarkable changes occur exactly at the lo- 
cations where energy difference of the DQD with interdot 
coupling A = Ve 2 + 4t 2 is in resonance with ujq (Fig. [4] 

(d) ). Here, t is the interdot tunnel rate of the DQD. At 
the anticrossing points, the DQD and the resonator cou- 
ple via coherent photon exchange. As a result, indepen- 
dent description of the DQD and the resonator is replaced 
by dressed atom state, |±) = (|e,0) ± \g, 1))/V2 (Fig. [I] 
(d)), where \g(e),n) is the ground (excited) state of the 
DQD with n photons in the resonator. This causes en- 
ergy splitting corresponding to |d=) states and anticross- 
ings appear. 

The DQD-resonator coupled system is described as 

H = -y°z + two (a^a + + Hg (cr + a + cr~a)) (1) 

according to Jaynes-Cummings model [4]. Here a z , <r + 
and (T_ are the Pauli operators for a DQD, a (aJ) is the 
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FIG. 4. (color online), (a) Transmission spectra of the res- 
onator as a function of inter dot energy difference e. Vl and 
Vr are scanned along the red dashed line in Fig. |3](b). Gate 
voltages are converted to energy difference in frequency unit 
using conversion constant derived from PAT measurements, 
(b) The peak position and (c) the linewidth of the transmis- 
sion spectra. The red (Green) line in (b) indicates theoretical 
values (Eq,(2)) with g/2ir = 20 (30) MHz. (d) Energy dia- 
gram of the DQD (red), the resonator (blue) and the coupled 
system (green). Corresponding quantum states are denoted 
in the same color. 



annihilation (creation) operator of a photon and g is the 
coupling strength between the DQD and the resonator. 
The resonance frequency of the coupled system, gj±, are 
given by 

W± = ^ + ^±1 V / (A- W0 ) 2 + V (2) 

when the number of photons in the resonator is much 
smaller than one. The experimental peak frequencies are 
well reproduced by Eq. (2) with g/2n = 20 (30) MHz for 
right (left) branch. We also estimate decoherence rate 
of the system T/2tt = 10 (17) MHz for the right (left) 
branch from linewidth in Fig. 4 (c). Since the system 
energy is equally distributed between the DQD and the 
resonator due to vacuum Rabi oscillation at the anticross- 
ing points, F is represented by the averaged value F = 
(7 + k)/2 of the decohernce rate 7 due to the DQD and 
k, due to the resonator. Combining with independently 
measured decay rate of the resonator k/2ty = 8.0MHz 
and T, decoherence rate of the DQD 7/2tt = 12 (25) MHz 
for right (left) branch is also derived. With these val- 
ues, additional parameters give further evaluation of the 
system [14]; viz., the number of Rabi oscillation flops 
^Rabi = g/T — 2^/(^ + 7) = 1.8 (2.0), critical photon 
number no = 7 2 /2g 2 = 0.2 (0.3) and critical atom num- 
ber TVo = 2jhz/g 2 = 0.5 (0.4). The physical implication of 
these parameter values is that two flops of vacuum Rabi 
oscillation is expected and one photon (atom) is able to 
bring about saturation in the response of the atom (pho- 
ton). We hence conclude that system is in a strong cou- 
pling regime with distinct vacuum Rabi oscillation [15] . 

Decoherence rate of a DQD 7 is expressed as sum of 
the energy relaxation rate 71 and the dephasing rate 7^: 
7 = 71/2 + 70 [16 . The energy relaxation is domi- 
nated by emission of piezoelectric acoustic phonons for 
GaAs/AlGaAs DQDs [171 HE], which is intrinsic prop- 
erty of GaAs. Pulsed gate measurement of a DQD [T9] 
give an estimation of 7i/27r ~ 8 — 40 MHz due to piezo- 
electric acoustic phonon interaction. These values are 
comparable to our 7/27r = 12 (25) MHz. For our device, 
dephasing rate 7</>/27r < 7/27r = 12 (25) MHz is small 
enough to distinguish vacuum Rabi splitting clearly. In 
contrast, anticrossings are not distinguished in earlier 
experiment [10], because dephasing rate is much larger 
than coupling strength, 7^ ^> g. Dephasing rate of gated 
GaAs/AlGaAs devices is dominated by device specific 
background charge fluctuation p~9j [20] and can be re- 
duced by bias cooling method [2T] , 

Energy loss of the resonator k/2tt = 8.0 MHz occurs 
through either the photon escape to external transmis- 
sion line (coupling loss) or the photon loss inside the 
resonator (internal loss) [22]. For our device, coupling 
capacitance C c = 3 £F is so small that the coupling loss 
ft ext /27r = 0.4 MHz is ignored compared to the internal 
loss. Internal loss can arise from radiative loss, metallic 
loss and dielectric loss. For the CPW resonator used in 
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this experiment, radiative loss and metallic loss is sup- 
pressed by designing typical size of the resonator to be 
much smaller than wavelength and using superconduc- 
tor. Indeed, the decay rate of CPWs is reported to 
be dependent on the substrate material, where the or- 
der of rate is Si < sapphire < SiN x < Si0 2 < A1N < 
MgO [23 j. The present authors suggest that the mate- 
rial specific feature along with the absolute amplitude 
of loss is ascribed to the piezoelectric effect; that is, 
CPW resonators produce oscillating electrical fields in 
a substrate between ground plane and center conductor, 
which generates dissipative lattice vibration via piezo- 
electric interaction. From piezoelectric constant of GaAs 
di4 = 2.7 pC/N [24], the decay rate of the resonator is 
estimated to be 1.6 - 16 MHz which is comparable to our 
experimental value k,/2tt — 8.0 MHz. 

For GaAs based circuit QED devices, decoherence rate 
of the DQD and the CPW resonator is dominated by 
piezoelectric effect, which is intrinsic property of GaAs. 
For our device, decoherence rate is small enough to ob- 
serve strong coupling peculiar features. Further improve- 
ment of coupling strength to the decoherence rate ratio, 
g/T, is possible by using less piezo-active materials such 
as Si, SiGe, carbon nanotube and graphene. 

In conclusion, we have realized strongly coupled sys- 
tem using a DQD and a CPW resonator. System deco- 
herence rate, which is directly measured through vacuum 
Rabi splitting, suggest that the decoherence mechanism 
of our system is dominated by intrinsic piezoelectric ef- 
fect, which will be improved by using less piezo-active 
materials. 
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